ischemia-reperfusion; nuclear factor-B; calcium; phospholamban NF-B CONSISTS OF A FAMILY of DNA binding transcription factors that regulate expression of genes involved in the innate immune response, inflammation, cell survival, and proliferation (3) . There are five NF-B subunits: p65 (also called RelA), RelB, c-Rel, p50, and p52. These NF-B protein subunits form homo-and heterodimer combinations that bind to gene promoter sequences and support transcription. Classic activation of NF-B is controlled by inducible phosphorylation and degradation of the inhibitory proteins IB (IB␣, IB␤, IBε) through the IB kinase (IKK) complex (11) . Once phosphorylated, IB is targeted for polyubiquitination and ultimate degradation by the 26S proteasome (14) . The degradation of phospho-IB frees dimers of p50/p65 NF-B, unmasking a nuclear localization sequence, and facilitates dimer trafficking to the nucleus and DNA binding to regulate gene expression. Albeit simplistic, within the classic or canonical pathway, NF-B signaling is considered fulfilled with the binding of the p65 subunit onto a transcriptionally active gene (15) .
NF-B is an important transcription factor in most organ systems, and systemic inhibition might cloud any observations that might exist pertaining to the heart. Functional studies of NF-B using transgenic approaches are limited by the 100% lethality of RelA-deficient mice. These animals die embryonically at Days 14-16 from massive liver degeneration secondary to uncontrolled apoptosis (5) . Alternative genetic methods have been reported and have successfully demonstrated a causal role for NF-B in the cardiac response to ischemia, endotoxin, and TNF (18) . These animals indirectly inhibit NF-B by cardiac-specific overexpression of IB␣. Nearly all of these studies include nuclear gel shifts of the p65 subunit to validate that NF-B was upregulated and then downregulated following injury and subsequent therapy. However, NF-B has several different subunits that are transcriptionally active. Although deletion of p50 decreases myocardial ischemia-reperfusion (I/R) injury (13) , the effect of p50 loss-of-function in these animals is not specific to the heart. Despite reliance on p65 subunit assays to describe positive or negative effects of NF-B activation, no group has specifically examined the role of this subunit with regards to I/R injury.
We and others have used various methods of inhibiting the NF-B signaling pathways to attenuate an undesirable response to injury (32, 33, 36, 41, 48) . Imbedded within these reports is the concept that NF-B is responsible for creating a bad phenotype (i.e., an injured heart). However, this pattern overlooks that fact that NF-B is a vital part of our innate immunity and promotes survival signals (47) . Indeed, some evidence suggests that NF-B promotes cardioprotection in models of ischemic preconditioning and coronary ligation (46, 49) . Central to reconciling many of these issues is enhanced understanding of the role of its principal subunit. In this report, mice are generated and evaluated with cardiomyocyte-specific deletion of the p65 NF-B unit. We demonstrate that cardiomyocyte p65 is not required for normal development and that its deletion provides cardioprotection when exposed to I/R. Furthermore, these mice appear resistant to cell death by reversing adverse calcium cycling associated with I/R injury.
MATERIAL AND METHODS
Generation of transgenic mice. All animal studies were approved by the Institutional Animal Care and Use Committee, University of Utah. We applied the Cre-loxP system to create cardiomyocytespecific ablation of p65 NF-B. Mice homozygous for the floxed p65 alleles (p65 flox/flox ), which are viable and fertile without any obvious abnormalities (generously provided by A. S. Baldwin, University of North Carolina) (42) , were crossed with transgenic mice (Jackson Laboratories) in which Cre recombinase is expressed under the control of ␣-myosin heavy chain promoter (MHC Cre/ϩ ) (1). Both mice were backcrossed with C57BL/6J mice eight times. Functional Cre activation was examined by crossing p65-MHCCre mice with ROSA26 reporter mice and evaluating X-Gal staining in whole-mount embryos at E9.5.
Histology. Hearts were harvested and fixed overnight at 10% formaldehyde. After progressive tissue dehydration with ethanol and CitriSolv, the heart samples were embedded in paraffin. Ten micrometer longitudinal or cross sections were subjected to hematoxylineosin stain or Periodic Acid-Schiff stain.
Heart and cell isolation Western blots. Whole hearts or cardiomyocytes were isolated from 8-to 12-wk-old wild-type or p65 knockout mouse. Cardiomyocytes were stimulated with TNF-␣ (10 ng/ml). Western immunoblotting was performed on tissue and cell preparations with the following primary antibodies: IKK␣, IKK␤, NF-B p65, Phospho-NF-B p65 (39) , IB␣, GAPDH (Cell Signaling Technology), NF-B p105/p50 (Millipore), sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2a (SERCA2a; Santa Cruz), phospholamban (Millipore), PLB phospho serine-16, and phospholamban (PLN) phospho Threonine-17 antiserum (Badrilla). Secondary peroxidase-conjugated antibody (Cell Signaling Technology) was applied.
Isolated heart preparation. Hearts were excised and connected to the aortic cannula using a Langendorff apparatus to perfuse continuously aerated buffer solution at constant pressure. Left ventricular pressure was monitored with a water-filled balloon placed through the left atria appendage. Hearts were perfused for 20 min for stabilization as baseline and then subjected to 45 min of global no-flow ischemia, followed by 60 min reperfusion. Contractile function was continuously recorded and measured every 5 min. Effluent was collected, stored, and measured for LDH (lactate dehydrogenase) and creatine phosphokinase. Infarct size was measured after infusion with TTC (1% solution of 2,3,5-triphenyltetrazolium chloride dissolved in Krebs-Henseleit buffer).
Regional I/R. I/R of the left anterior descending coronary artery (LAD) was performed as previously described (32) . For infarct analysis, TTC staining was quantified 24 h postreperfusion to assess area at risk and area of infarct. Whole heart assessment of NF-Brelated proteins, including apoptosis terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling staining, were assessed in procured mouse hearts 6 h postreperfusion (31) .
Calcium studies. Adult mouse ventricular myocytes were isolated as previously described on laminin-coated chambers (4, 51) . After superfusion in a normoxic solution (pO 2 ϭ 580 Ϯ 2.0 mmHg), cells were bathed in an ischemic solution (pO2 ϭ 20.5 Ϯ 3.5 mmHg) for 5 min (8) . Reperfusion was simulated by superfusion in the normal solution for an additional 5 min.
Cells were field-stimulated at 1-s cycle lengths, and calcium transients (CaTs) were recorded throughout the experiment. Intracellular Ca 2ϩ was monitored with epifluorescence in single cardiomyocytes with the fluorescent indicator, fluo-4. The amplitude and the time course of the decay of CaT were well fit with a single exponential equation, and the time constant was used as measured of the rate of decline of CaT as previously described (12) .
Statistics. Comparisons between experimental groups were made using one-way ANOVA or repeated-measures ANOVA with Bonferroni post hoc testing using the statistical package Prism 4 (GraphPad, San Diego, CA). Data are expressed as means Ϯ SE. Statistical significance was accepted at the 95% confidence interval.
RESULTS

Generation of CMC-specific p65 transgenic mice.
To examine the specific role of p65 NF-B in cardiac biology, we generated mice with cardiomyocyte-specific deletion of the p65 subunit using the Cre-Lox system. To show the fidelity of our ␣-MHCCre-recombinase, mice were crossed with ROSA26 reporter mice. When stained for X-gal, expression of the transgene was only seen in the hearts of day 9.5 embyros, not in other structures or in the wild-type mice (Fig. 1A ).
Mice were observed over the course of 12 mo and, when compared with wild-type mice, there were no difference in survival. After 3 mo, heart weight-to-body weight ratios between wild-type and knockout mice were similar (5.32 Ϯ 0.52 vs. 4.96 Ϯ 0.16, P ϭ 0.16). In addition, gross and crosssectional images appeared similar between groups (Fig. 1B) . Structurally, there were also no differences in cardiomyocyte size (228.9 Ϯ 12.1 m 2 vs. 206.3 Ϯ 10.6 m 2 , P ϭ 0.16). Echocardiography demonstrated no differences in wall thickness, ventricular dimensions, are function (Table 1) .
We next looked at p65 protein expression in the respective mice. When compared with wild-type, in knockout animals expression of p65 was decreased. In these unstimulated animals, no changes in phosphorylated p65 were identified. As an internal control, no difference in splenic expression of p65 was observed (Fig. 1C ). When stimulated with LPS, a known activator of NF-B, phosphorylated p65 expression was increased in wild-type mice, but remained at its basal level, and comparatively reduced, in transgenic mice (Fig. 1D ). Summarily, the phenotypic appearance of the transgenic animals appear normal despite having baseline decreases in myocardial p65 as well as reduced phosphorylation of p65 following activation.
Characterization of cardiomyocyte NF-B activity. As demonstrated in Fig. 1C , total myocardial p65 was decreased but not completely ablated. This result is to be expected since there are other sources of heart-derived NF-B, including fibroblasts, macrophages, and endothelial cells. To more purely test our transgenic mouse, we isolated cardiomyocytes and examined the NF-B signaling pathway ( Fig. 2A) . No differences in protein expression were observed in its upstream kinase proteins, IKK␤ and IKK␣, or its heterodimer inhibitor, IB␣. In addition, there were no differences in expression of its companion subunits, p50 and p105. We next looked at the response of the cardiomyocytes to stress (Fig. 2B ). After stimulation with TNF-␣, wild-type cardiomyocytes expectantly increased phosphorylated p65 expression that was essentially ablated in the transgenic mice. Taken together, functional absence of cardiomyocyte p65 NF-B did not result in any compensatory upregulation of its upstream regulator or sister protein subunits.
Cardiomyocyte deletion of p65 NF-B and the response to global I/R. We next sought to physiologically examine the effects of cardiomyocyte p65 ablation on the response of the mouse heart to global I/R by ex vivo perfusion of isolated mouse hearts (Fig. 3) . No differences were noted with respect to baseline and ischemic contraction. With reperfusion, the developed pressure started to recover after 1 min and reached stable levels after 10 min. When compared with that of wildtype mice, p65 deletion resulted in a faster and more robust return of myocardial function with reperfusion (wild-type, 64 -73% recovery vs. knockout, 84 -97%, P Ͻ 0.05). In addition, p65 deleted hearts had enhanced rate of contraction [rate of rise of LV pressure per unit time (ϩdP/dt)] and relaxation [rate of fall of LV pressure (ϪdP/dt)] following reperfusion.
These changes in contractile function were associated with differences in myocardial viability (Fig. 3B) . When compared with the p65-deleted hearts, wild-type mice had a nearly twofold increase in infarct size (65% vs. 32%, P Ͻ 0.05). This histologic evidence was supported by the significant reduction in cardiac enzyme release observed in the p65 knockout mice. Low levels of both LDH and CK were detected before ischemia that subsequently increased over baseline following the ischemic insult. Transgenic mouse hearts released lower levels of both LDH and CK (45 Ϯ 28 u/l and 28 Ϯ 23 u/l, respectively) compared with wild-type (143 Ϯ 26 u/l and 107 Ϯ 26 u/l, respectively).
Cardiomyocyte-specific deletion of p65 NF-B and the response to regional I/R. To confirm the Langendorff ex vivo observations that p65 ablation is cardioprotective, we performed in vivo regional I/R with LAD occlusion and release in our respective animals. Mice were subjected to 30 min of ischemia and 24 h of reperfusion before analyzing infarct size by TTC (Fig. 4) . Qualitatively, p65 knockout animals appeared to have less necrotic tissue as seen on serial cross-sections from apex to the base of the heart. Quantitatively, both animals had similar area at risk to left ventricular ratios, suggesting consistent site of LAD occlusion. The infarct area in p65 knockout hearts was smaller than that of wild-type hearts (infarct mass/ left ventricular mass 13.0 Ϯ 3.0% vs. 20.6 Ϯ 1.5%, P Ͻ 0.05). When compared by area at risk, p65 depletion afforded even lower relative size of infarct compared with that of wild-type mice (0.31 Ϯ 0.06 vs. 0.49 Ϯ 0.03, P Ͻ 0.05; Fig. 4B ). Taken together with the Langendorff studies, hearts with absence of cardiomyocyte p65 NF-B show less contractile impairment and less myocardial injury after both global and regional I/R.
Influence of p65 NF-B absence on apoptosis. NF-B regulates cell life and death via its role in either promoting or protecting from apoptosis (16) . As such, we next examined the influence of p65-deletion on apoptosis following I/R. Mice underwent LAD occlusion and release and were harvested 6 h after injury. Terminal deoxynucleotidyl transferase dUTP-me- Fig. 1 . Characterization of mice with cardiomyocyte-specific deletion of p65 NF-B. A: X-gal staining of wild-type (WT; left) and ␣-MHC-Cre (right) animals crossed with ROSA26 mice. B: gross, cross-sectional, and microscopic histology of WT and p65 knockout (KO) mice. C: Western blot analysis of whole heart and spleen homogenates for p65 and phospho-p65 NF-B with densitometry normalized to GADPH expression (spleen blots modified to align with the heart sequence at top). D: mice were treated with intraperitoneal LPS or saline. Hearts were procured 12 h later, and Western blots performed for p65 and phospo-p65. Western blots are representative of 4 -6 mice/group. *P Ͻ 0.05. diated nick-end labeling staining was performed on midpapillary sections and demonstrated increased apoptosis in the peri-infarct region in wild-type mice compared with p65 knockout and sham-operated animals (Fig. 5, A and B) . These observations were associated with decreased expression of activated p65 at the same time point (Fig. 5, C and D) . We examined two classic downstream transcriptional targets for NF-B, TNF and IL-6, that are implicated in the injury response. When compared with wild-type animals, both IL-6 and TNF were downregulated in p65-deficient animals following I/R injury. Taken together, the cardioprotective influence of p65-absence is due, in part, to decreased cytokine production and diminished apoptosis. NF-B and calcium homeostasis. Intracellular calcium overload is associated with cell death (34, 54) . To better understand the role of NF-B as it relates to myocardial infarction and I/R injury, we next sought to determine the influence of NF-B on calcium homeostasis during conditions of simulated ischemia. Electrically evoked CaT were examined in cardiomyocytes undergoing simulated I/R in vitro (Fig. 6A) Although a number of factors contribute to intracellular calcium shuttling (22) , sequestration of calcium by the sarcoplasmic reticulum (SR) is responsible for nearly the entire decline in cytoplasmic calcium following the peak of the CaT (43) . SR calcium uptake is mediated by SERCA2a and its activity is tonically braked by phospholamban (PLN). When phosphorylated, PLN releases its inhibitory action on SERCA2a, thus stimulating SR calcium pumping (25) . To assess the influence of NF-B on the SR in whole heart tissues following in vivo I/R injury by LAD ligation and release, we assessed expression of SERCA2a and PLN (Fig. 6B ). There were no significant differences in SERCA2a expression between the respective animals and a trend toward decreased total PLN in the transgenic mice. Importantly, when compared with wild-type mice, p65-ablated mice had increased expression of the serine-16 phosphorylated form of PLN and an increased ratio of PLN-Ser 16 to total PLN. Concurrently, we did not identify any differences in expression in the threonine-17 phosphorylated form of PLN (data not shown). Taken together, these results suggest that p65 NF-B influences intracellular calcium regulation via PLN, and its absence favorably enhances calcium reuptake by the SR.
DISCUSSION
Because of its well-known role in the inflammatory response, numerous studies have identified NF-B as a mediator of myocardial injury (15, 48) . Many of these reports are based on pharmacologic interventions in which the cardioprotection provided by the drug or agent was proposed to be mediated, in part, by NF-B. In other studies, various methods have been used (pharmacologic, gene therapy, and transgenic mice) to block upstream elements of NF-B activation to demonstrate cardioprotection with I/R injury. Within the most common activation pathway, translocation of the p65 NF-B subunit and its binding to its gene target is considered the ultimate transcriptional event. Yet, to date, this dominant activity has only been indirectly addressed.
Currently, the most distally targeted approach in the p65 signaling pathway involves transgenic manipulation of IB␣, thereby preventing the translocation of the p65/p50 dimer. Although these mice, indeed, provided cardioprotection (10, 17) , the relative contributions of the individual p50 and p65 subunits cannot be distinguished. This point is potentially important since conditional deletion of the p50 subunit has demonstrated conflicting results: worsening of postinfarction heart failure (13, 24) versus ischemic cardioprotection (45) . Similarly, inhibition of the p65 subunit has also produced, admittedly rare, conflicting results regarding its effect on ischemic injury (46, 49) . Taken together, we felt there was a need to directly assess the role of the p65 subunit not only to Fig. 2 . Cardiomyocyte NF-B activity in vitro. A: cardiomyocytes were cultured, and Western blots were performed for NF-B-related proteins including proximal kinase, IKK␣, IKK␤, and IB␣, as well as its sister subunits, p50 and p105. B: cardiomyocytes were stimulated with TNF-␣ (10 ng/ml) for 30 min, and Western blots performed for phospho-p65. Western blots are representative of 4 -6 mice/group (*vs. vehicle; †vs. WT; P Ͻ 0.05).
determine its influence on cardiac function but also provide a more direct method to investigate the mechanism of NF-Bmediated cardioprotection.
In this report, we demonstrate that cardiomyocyte-specific deletion of p65 NF-B protects the heart after both global and regional I/R. Our data expands on recently published work in mice with cardiac p65 deletion using a Nkx2.5 promoter. After transverse aortic constriction, their mice had decreased left ventricular hypertrophy and preservation of contractile function (27) . Similar to that study, our genetically modified mice did not have any apparent developmental changes in heart phenotype or function, suggesting that p65, on its own, is not Fig. 3 . Ex vivo perfusion of WT and CMC p65-deficient mouse hearts undergoing simulated global ischemia-reperfusion. A: pressure measurements during the experimental period as a percentage of contractile function. n ϭ 7-9/group. LVDP, left ventricular (LV) developed pressure; RPP, rate pressure product; ϩdP/dt, rate of rise of LV pressure per unit time; ϪdP/dt, rate of fall of LV pressure. B: triphenyltetrazolium chloride (TTC) staining and infarct size depicted as a ratio of infarcted area to whole heart tissue (n ϭ 5/group). C: myocardial enzyme release for lactate dehydrogenase (LDH) and creatine phosphokinase (LDH, CK). n ϭ 7-9. Pre-isc, preischemic; post-isc, postischemic. For each experiment, *P Ͻ 0.05, vs. WT. Fig. 4 . In vivo ischemia-reperfusion with LAD ligation and release in WT and CMC p65-deficient mice. A: twenty-four hours after reperfusion, hearts were analyzed after TTC staining in vivo (n ϭ 7/group). Infarct area stains white, injured area stains red, and viable areas stain blue. B: quantitative analysis of infarct area, area at risk (AAR), and viable area (n ϭ 7/group; *P Ͻ 0.05). LV, left ventricular. necessary for cardiac development. This lack of baseline cardiac alteration was similarly seen in conditionally deleted IKK-␤ mice and mice that conditionally overexpress IB␣ (17, 20) . Interestingly, conditional deletion of one member of the IKK complex, NF-B essential modulator (NEMO) or IKK-␥, resulted in dilated cardiomyopathy with enhanced apoptosis (26) . Herein lies the paradox of NF-B in that it can produce opposing effects based on its stimulus and environment. Toggling of NF-B through IKK kinase and activation of either canonical or noncanonical pathways possibly contribute to the diverse phenotypes induced through this transcription factor (15, 40) . Furthermore, phosphorylation of the p65 subunit can occur at numerous sites and drive differential NF-B-dependent gene expression (21) . Although we observed decreases in downstream expression of NF-B-dependent cytokines, we did not see any changes in NF-B-related protein expression, suggesting that there were minimal compensatory changes in NF-B-related activity except for the quantitative decrease in the p65 subunit.
Ablation of cardiomyocyte p65 NF-B was associated with decreased infarct size with both global and regional I/R, and less apoptosis than wild-type mice. Although decreased NF-B activity was shown to be protective in a chronic ligation model (17) , other acute I/R models have also demonstrated a cardioprotective role of NF-B (30) . To extend the paradox, and competing with our findings, NF-B was found to be essential for cell survival following acute hypoxic stress by regulating Bnip3 transcription (37) . This paradigm suggests that the nature of the stimulus (acute vs. chronic) can direct the phenotypic pathway of NF-B. Quite possibly, our cardioprotective and anti-apoptotic observations within an acute model of I/R are related to the method of NF-B ablation. Manipulation of the IB protein complex is the most common method described for genetically altering NF-B signaling. Yet this complex is still an upstream to the dominant transcriptional event with NF-B signaling, thereby reinforcing the need to directly examine p65 NF-B signaling in our conditionally knocked out mouse.
Although we demonstrate the expected decrease in IL-6 and TNF, honing down on the mechanism of tissue protection led us to examine the role of NF-B and calcium homeostasis. Calcium regulation is a central determinant of multiple aspects of cell death, including apoptosis (35, 54) . We hypothesized that cardiac dysfunction and cell death are related to Ca 2ϩ overload and that this is regulated, in part, by NF-B. Indeed, the interplay of NF-B and calcium signaling has not been fully investigated. Cardiac injury secondary to intracellular Ca 2ϩ overload has been indirectly attributed to increased production of TNF and activation of NF-B (53) . By virtue of its central position in inflammation and immunity, NF-B is mutually involved with multiple signaling pathways and transcription factors that mediate calcium homeostasis including calcineurin-NFAT, HDACs, and IP 3 (19, 23, 44, 50) . However, these interactions are indirectly inferred. Only a few reports have demonstrated more direct influence of NF-B on calcium maintenance in cardiomyocytes (7, 38) .
Herein, we demonstrate for the first time that absence of cardiac p65 promotes full recovery of the CaT following simulated ischemia. We fully acknowledge that we only show an associative relationship between cytotoxicity and calcium overload. That said, mice deficient in p65 NF-B had a reduction in the rate of the decay of the calcium transient, Fig. 6 . NF-B and calcium handling. A: calcium transients during simulated ischemia-reperfusion. Myocytes were field stimulated (cycle length ϭ 1 s), and transients were recorded. Representative calcium transients during control (black), after 5 min of ischemia followed by 5 min of reperfusion (blue) (n ϭ 7), are shown. Western blot analysis (B) and densitometry (C) of whole mouse hearts for sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA2a), phospholamban (PLN), and phosphorylated PLN-Ser 16 6 h after in vivo regional ischemia-reperfusion (n ϭ 4 to 5). *P Ͻ 0.05 compared with WT.
thereby decreasing the duration of cytosolic exposure to higher levels of calcium. Several mechanisms may account for this, including increased calcium extrusion via sodium-calcium exchange (6, 52) and/or increased uptake by the SR (43). We did not examine sodium-calcium exchange activity or expression in our experiments, and there were no significant differences in absolute expression of either SERCA2a or its inhibitory protein PLN. Although SERCA2a can interact with several other proteins in the SR lumen, PLN remains the major regulator of SERCA2a activity (25, 28) . Dephosphorylated PLN acts to tonically inhibit SERCA2a. When PLN is phosphorylated either at Ser 16 or Thr 17 , SERCA2a activity is enhanced. Phosphorylation of Ser 16 occurs by cAMP-dependent protein kinases, whereas phosphorylation of Thr 17 exclusively occurs via Ca 2ϩ -CaM-dependent protein kinases (9, 29) . When compared with wild-type, p65-deficient cardiomyocytes displayed markedly increased expression of the phosphorylated form of Ser 16 but not Thr 17 . This finding suggests that enhanced phosphorylation of PLN may contribute to the nearly complete recovery of the CaT in knockout mice and suggests that NF-B modulates cAMP-dependent protein kinase activity (PKA, protein kinase A). Mechanistically, it remains speculative if changes in PKA activity are related to a direct effect of p65 NF-B absence (protein-protein interaction or direct transcriptional effect). Quite possibly, these findings could reflect the influence of altered downstream products of NF-B expression (cytokines and immunomodulating proteins) or even changes in ␤-adrenergic receptor function (2) . Further elaboration of cross-talk between NF-B and intracellular calcium regulation provides exciting avenues for future studies.
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